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Abstract
The sensitivity of momentum distributions, recoil polarization observables,
and response functions for nucleon knockout by polarized electron scattering
to channel coupling in final-state interactions is investigated using a model
in which both the distorting and the coupling potentials are constructed by
folding density-dependent nucleon-nucleon effective interactions with nuclear
transition densities. Elastic reorientation, inelastic scattering, and charge ex-
change are included for all possible couplings within the model space. Calcula-
tions for 16O are presented for 200 and 433 MeV ejectile energies, correspond-
ing to proposed experiments at MAMI and TJNAF, and for 12C at 70 and 270
MeV, corresponding to experiments at NIKHEF and MIT-Bates. The relative
importance of charge exchange decreases as the ejectile energy increases, but
remains significant for 200 MeV. Both proton and neutron knockout cross
sections for large recoil momenta, pm > 300 MeV/c, are substantially af-
fected by inelastic couplings even at 433 MeV. Significant effects on the cross
section for neutron knockout are also predicted at smaller recoil momenta,
especially for low energies. Many of the response functions and polarization
observables for nucleon knockout are quite sensitive to the coupling scheme,
especially those which vanish in the absence of final-state interactions. Polar-
ization transfer for proton knockout is insensitive to channel coupling, even
for fairly low ejectile energies, but polarization transfer for neutron knockout
retains nonnegligible sensitivity to channel coupling for energies up to about
200 MeV. The present results suggest that possible medium modifications of
neutron and proton electromagnetic form factors for Q2 >∼ 0.5 (GeV/c)2 can
be studied using recoil polarization with relatively little uncertainty due to
final-state interactions.
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I. INTRODUCTION
Proton knockout by electron scattering has become established as the most accurate
method for measuring recoil momentum distributions for nuclear single-hole states. With
the high resolution available at NIKHEF, precise measurements of distorted momentum
distributions have been made for discrete states in many nuclei [1]. Recent reviews of nucleon
electromagnetic knockout reactions can be found in Refs. [2–4]. These studies have provided
much information on the fragmentation of single-particle strength among various hole states
in the residual nucleus. Although the missing momentum distributions for strongly excited
states generally agree quite well in shape with mean-field calculations, the total strength
observed is systematically lower than the single-particle strength. The quenching of the
single-particle strength is attributed to correlations which spread that strength over broad
ranges of both energy and momentum. Therefore, evidence for these correlations has been
sought in single-nucleon knockout with large missing momentum for which correlations might
be expected to enhance the yield with respect to mean-field models. However, because
inelastic scattering and charge exchange contributions to final-state interactions (FSI) can
also enhance the yield for large missing momentum, it becomes important to extend the
treatment of FSI beyond the usual optical-model approach.
Another of the central problems of nuclear physics is to determine the sensitivity of
hadronic properties to the local baryonic density. For example, an early hypothesis motivated
by the EMC effect was that the nucleon charge radius increases with density. More recently,
the quark-meson coupling (QMC) model has been used to study the density-dependence
of the nucleon electromagnetic form factors [5–7] induced by coupling of their constituent
quarks to the strong scalar and vector fields within nuclei. However, because the effects
predicted are relatively small at normal nuclear densities, it will be very difficult to extract
unambiguous results from measurements of cross sections for single-nucleon knockout from
nuclei. Fortunately, recoil polarization observables are expected to be much less vulnerable
than cross sections to uncertainties in spectral functions, gauge ambiguities, and off-shell
extrapolation of the single-nucleon current operator [8]. In the one-photon exchange approx-
imation, the ratio between the longitudinal and coplanar transverse polarization transfers,
P ′L/P
′
S, is proportional to the ratio between electric and magnetic form factors, GE/GM , and
this relationship is relatively insensitive to distortion by the optical potential for the ejec-
tile. The primary objective of the present investigation is to determine the effect of channel
coupling in final-state interactions, especially of charge exchange, upon recoil polarization.
Ideally one should evaluate the nuclear electromagnetic current using a many-body
hamiltonian which accurately describes both bound and scattering states. Calculations
for 16O(e, e′N) have been performed for TN ≈ 70 – 100 MeV by Ryckebusch et al. [9] using
an HF-RPA model based upon a Skyrme interaction [10]. The roles of channel coupling
and two-body currents at large missing momentum have also been investigated recently for
TN ≈ 100 MeV by van der Sluys et al. [11]. Both bound and continuum wave functions
are generated within the Hartree-Fock (HF) mean field for the Skyrme interaction. The
current operator is also based upon the HF hamiltonian. Thus, this approach preserves
gauge invariance and avoids orthogonality defects. On the other hand, because the mean
field is real, attenuation of the scattered flux must be described by explicit coupling to the
open channels. Coupling to all single-nucleon emission channels is included within the ran-
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dom phase approximation (RPA), but more complicated configurations are omitted. Hence,
although this model is internally consistent, its description of the final state interactions is
limited to low ejectile energies and is not suitable for the upcoming experiments at MAMI
and TJNAF.
Jeschonnek et al. [12] use a continuum RPA model in which coupling between single-
nucleon emission channels is treated microscopically while coupling to more complicated
channels is approximated using a phenomenological optical model. Coupling potentials
were constructed using either a bound-state G-matrix based upon the Bonn potential [13]
or the Franey-Love parametrization of the t-matrix [14]. Although this approach provides
a more realistic model of absorption, it is now well-established that the nucleon-nucleon
effective interaction is strongly density-dependent and cannot be accurately represented by
a t-matrix; nor is the bound-state G-matrix appropriate for higher ejectile energies.
The local density approximation (LDA) based upon density-dependent empirical effec-
tive interactions (EEI) does provide accurate fits to proton elastic, inelastic, and charge-
exchange scattering for energies above 100 MeV [15–18]. The density dependence of effec-
tive interactions constructed for infinite nuclear matter, usually with G-matrix formalisms,
is parametrized and the parameters are adjusted to fit proton elastic and inelastic scatter-
ing data for self-conjugate targets using states whose transition densities are measured by
electron scattering. Both the distorting and the scattering potentials are based upon the
same effective interaction, which is fitted using a self-consistency procedure. Sensitivity to
the density dependence of the effective interaction is provided by use of both interior-peaked
and surface-peaked transition densities. It has been shown that the empirical effective in-
teraction is essentially independent of both state and target and that interactions fitted to
inelastic scattering data provide good fits to elastic scattering whether or not those data
are included in the analysis [19,16]. The EEI model also provides accurate predictions for
proton absorption and neutron total cross section data [20]. Unlike optical-model analyses
of elastic scattering data, which are sensitive only to the asymptotic properties of the wave
function, represented by phase shifts, the overlap with interior-peaked transition densities
gives the EEI analysis of inelastic scattering data sensitivity to the interior wave function.
Finally, it has been shown that the EEI model accurately describes proton scattering data
for 9Be, where channel coupling within the rotational band plays an important role [21],
even though the interactions were fitted to data for A ≥ 16. Therefore, we believe that
the local density approximation based upon empirical effective interactions should provide
a superior description of final state interactions (FSI) for A(~e, e′ ~N)B reactions at energies
above 100 MeV.
We have developed a coupled-channels model for A(~e, e′ ~N)B reactions which includes
elastic reorientation, inelastic scattering, and charge exchange in final state interactions
(FSI) based upon density-dependent effective interations within the local density approxi-
mation. A simpler version of the model was used recently to analyze coupled-channel effects
upon the distorted momentum distributions for the 10B(e, e′p)9Be and 10B(γ, p)9Be reac-
tions [22]. Coupling within the 9Be rotational band was evaluated using density-dependent
nucleon-nucleon interactions folded with transition densities fitted to electron and proton
scattering measurements. For missing momenta greater than 300 MeV/c quadrupole cou-
pling is found to enhance the momentum distributions for (e, e′p) in quasiperpendicular
kinematics by factors up to 3-5 for various states; even larger effects are predicted for (γ, p).
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The model has since been extended to include charge-exchange coupling and to produce
response functions and polarization observables. Some preliminary results were shown in
Refs. [2,23].
In this paper we investigate the sensitivity of momentum distributions, response func-
tions, and recoil polarization observables for (~e, e′ ~N) reactions to both inelastic and charge
exchange couplings in final-state interactions, emphasizing upcoming experiments that in-
clude recoil polarization. Experiments A1/2-93 at MAMI [24] and 89-033 at TJNAF [25] will
look for modifications of the helicity-dependent recoil polarization in the 16O(~e, e′~p) reaction
for Tp ≈ 200 MeV and 433 MeV, respectively. In addition, experiment 89-003 at TJNAF
will measure large missing momenta and will separate RLT for
16O(e, e′p) for Tp ≈ 433 MeV.
Therefore, in this paper we investigate the effects of coupling between valence single-hole
states in the 16O(~e, e′ ~N) reaction. Sec. II presents the coupled-channels formalism, Sec. III
gives further details of the coupling potentials, and Sec. IV describes the observables and re-
sponse functions for single-nucleon knockout. Results for representative cases are presented
in Sections V and VI. Our conclusions are summarized in Section VII.
II. COUPLED-CHANNELS FORMALISM FOR SINGLE-NUCLEON KNOCKOUT
A. Coupled equations for electron scattering
Suppose that the e+A electronuclear system is described by a hamiltonian of the form
H = KA +He +HA + VeA (1)
where KA is the kinetic energy of the nucleus, He = −i~α · ~∇e +meβ describes the motion
of a free electron, HA describes the internal dynamics of the nuclear system, and VeA is
the interaction between them. State vectors for the complete electronuclear system satisfy
eigenvalue equations of the form HΨ = EΨ, where E is the total energy. Let Ψ(+)α represent
an electronuclear wave function that contains incoming Coulomb-distorted electron waves
in channel α and outgoing waves in all open channels. The electronuclear wave function can
be factored according to
Ψ(+)α (re, rA) =
∫
d3p′Aα g(pAα − p′Aα) exp (ip′Aα · rA)
∑
β
ξ
(+)
αβ (re)ψ
(−)
Aβ (2)
where pAα and rA are the momentum and position of the nuclear center of mass and ξ
(+)
αβ (re)
represents the motion of the electron. It is convenient to normalize the target wave packet
to unity at the asymptotic momentum, such that g(0) = 1. The state vectors, ψAβ, for the
nuclear subsystem satisfy eigenvalue equations of the form HAψAβ = mAβψAβ where mAβ is
the invariant mass of the nuclear system in channel β. The summation over state labels β
is interpreted as a sum over discrete and integral over continuum states. The bound states
include both elastic and inelastic electron scattering, while the continuum states include
single-nucleon knockout, two-nucleon emission, and more complicated reaction channels.
Rawitscher investigated the asymptotic behavior of coupled electronuclear wave functions
using the method of steepest descent [26] and demonstrated that when the proper boundary
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conditions are applied to the continuum states of the nuclear subsystem, only outgoing waves
that satisfy energy conservation survive. The wave function ξ
(+)
αβ contains a Coulomb wave
in channel α and outgoing spherical waves in all open channels. Label α usually refers to
the ground state of the target nucleus, but later we will also require electronuclear wave
functions containing a Coulomb-distorted electron wave impinging instead upon an excited
state of the nuclear system; that excited state may be unbound and may contain one or
more ejectiles. Consequently, the nuclear system is described by a wave function ψ
(−)
Aβ that
satisfies incoming boundary conditions. Suppose that channel β refers to a proton ejectile
plus a bound state of the B = A − 1 nucleus. The wave function ψ(−)Aβ would then contain
a Coulomb-distorted nucleon wave in channel β and incoming spherical waves in all open
channels (including both β and β ′ 6= β) and would be related by time reversal to the wave
function ψ
(+)
Aβ that describes proton scattering by state β of target B. Of course, one does
not normally have access to scattering by excited states.
Introducing distorting potentials, Ueβ(re), and projecting out the nuclear state β, we
obtain coupled equations for the electron wave function that have the form
(Eeβ −He − Ueβ) ξαβ =
∑
γ
(Veβγ − Ueγδβγ) ξαγ (3)
where Eeβ = E −KAβ −mAβ is the electron center-of-mass energy for channel β and where
the coupling potentials are
Veβγ = 〈ψAβ |VeA|ψAγ〉 . (4)
The equations for bound and continuum states of the residual nuclear system are formally
identical, provided that the summation and boundary conditions are interpreted properly.
For bound nuclear states, we could minimize the residual elastic terms on the right-hand
side of Eq. (3) by choosing
Ueβ(re) ≈ 〈ψAβ|VeA|ψAβ〉 , (5)
but this choice may not converge for unbound states. Nevertheless, recognizing that the
dominant electron-nucleus interaction is due to the spherical part of the elastic Coulomb
potential, one generally chooses Ueβ(re) to be the Coulomb potential produced by the charge
density of the nuclear ground state and neglects the interaction between the electron and
the ejectiles that might be present in channel β. Presumably the effects of more complicated
residual elastic terms can be evaluated perturbatively, if necessary. Note that these elastic
terms also include magnetic contributions and recoil corrections to the static Coulomb po-
tential. Therefore, we define electron distorted waves as the solutions to the homogeneous
equations, such that
(Eeα −He − Ueα) ζα(re) = 0 (6)
where Ueα is approximated by the ground-state Coulomb potential.
The transition matrix for inelastic transitions between initial state α and final state β
can now be expressed in the prior representation as
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Mβα =
∫
d3red
3rA〈Ψ(−)β (re, rA)|VeA| exp (ipAα · rA)ζ (+)α (re)ψ(−)Aα 〉 (7)
where
Ψ
(−)
β (re, rA) =
∫
d3p′Aβ g(pAβ − p′Aβ) exp (ip′Aβ · rA)
∑
γ
ξ
(−)
βγ (re)ψ
(−)
Aγ (8)
is a complete, fully coupled, wave function containing outgoing Coulomb waves in channel
β and incoming waves in all open channels. Therefore, we obtain a matrix element of the
general form
Mβα =
∫
d3p′Aβ g(pAβ − p′Aβ)
∫
d3red
3rA exp (i(pAα − p′Aβ) · rA)
∑
γ
Vβγα(re, rA) (9)
where
Vβγα(re, rA) = 〈ξ(−)βγ (re)ψ(−)Aγ |VeA|ζ (+)α (re)ψ(−)Aα 〉 (10)
is an effective electron-scattering potential obtained by integration over all internal coordi-
nates of the nuclear system. The transition matrix element contains the effects of channel
coupling produced by both the nucleon-nucleus and the electron-nucleus interactions. The
summation over the index γ includes nuclear states excited by final-state interactions be-
tween the electron and the nuclear system, but these dispersion corrections are subsequently
neglected. Channel coupling between nuclear states excited by nucleon-nucleus final-state
interactions will be developed in Section IID.
The expression derived by Rawitscher, Eq. (4.7) of Ref. [26], for the inhomogeneous driv-
ing terms for electron scattering is very similar to our Eqs. (9-10). The primary difference
is that we include a target wave packet to facilitate later use of the effective momentum
approximation to develop a practical approximation. Another superficial difference is that
we employ the prior representation, and hence have the coupled electron wave function on
the left-hand side of the transition matrix element, whereas he uses the post representa-
tion in which the coupled electron wave function appears on the right-hand side of his Eq.
(2.16). Hence, dispersion corrections appear as final-state interactions here and as initial-
state interactions in Ref. [26], but these representations should be equivalent in the absence
of subsequent approximations.
Electromagnetic coupling between low-lying bound states is often described as dispersion
corrections. For example, Mercer [27] evaluated dispersion corrections due to coupling to
inelastic excitations of the target in the A(e, e′)A′ reaction and found those effects to be
quite small. The present formalism also includes coupling of the electron to more compli-
cated states of the nuclear system, including knockout channels, but evaluation of these
subtle effects would be very difficult computationally and is omitted. A qualitative discus-
sion of some of these issues has been given by Rawitscher [26]. In the present work, we
study single-nucleon knockout under conditions where the distortion of the electron wave
functions is relatively small, namely high energies and light targets. Therefore, we will ne-
glect channel coupling that could arise from the electron-nucleus interaction and employ
a simple approximation for the electron wave functions, namely the effective momentum
approximation. In the next several sections we outline the approximations used to perform
practical calculations for single-nucleon knockout under conditions where channel-coupling
by nuclear FSI can be important.
6
B. Single-nucleon knockout
For the present application we consider only the one-body part of the nuclear electromag-
netic current. Hence, we approximate the electromagnetic interaction by the single-nucleon
contribution
VeA ≈ e2
∫
d3rN jˆµ(re)
exp (iωreN)
reN
Jˆµ(rNA) = e
2
∫
d3rN
∫
d3q′
(2π)3
jˆµ
exp (−iq′ · reN)
Q′2
Jˆµ (11)
where jˆµ and Jˆ
µ are the electron and nucleon current operators, Q′2 = q′2 − ω2 is the
photon virtuality, reN = re− rN is the separation between the electron and the ejectile, and
rNA = rN − rA is the ejectile position relative to the barycentric system. Substituting Eqs.
(2) and (11) into Eq. (9), we find
Mβα ≈
∑
γ
∫
d3q′
(2π)3
4πα
Q′2
g∗(q− q′)J eβγα(−q′) · J Nγα(q′) (12)
where q = pAβ − pAα is the asymptotic momentum transfer. The matrix elements of the
electron and nuclear currents are contracted and the fine structure constant, α, should not
to be confused with state labels. The electron and nuclear current matrix elements are
J eµβγα(q) =
∫
d3re exp (iq · re)〈ξ(−)βγ (re)|jˆµ(re)|ζα(re)〉 (13a)
J Nµγα (q) =
∫
d3rNA exp (iq · rNA)〈ψ(−)Aγ |Jˆµ(rNA)|ψ(−)Aα 〉 . (13b)
Recognizing that it will be more convenient to express the nucleon distorted waves and
overlap functions relative to the residual nucleus, B, than to the barycentric system, we
rescale the charge and current density operators using
Jˆµ(rNA) =
(
mA
mB
)3
Jˆµ(rNB) (14)
where rNB = rN−rB = (mA/mB)rNA is the ejectile position relative to the residual nucleus.
The nuclear current then becomes
J Nµγα (q) =
∫
d3rNB exp (iq · rNA)〈ψ(−)Aγ |Jˆµ(rNB)|ψ(−)Aα 〉 . (15)
The appearance of rNA in the exponential is a familiar recoil correction (e.g., see [28]).
For light targets and relatively small ejectile momenta, it may be necessary to include
electromagnetic interactions in which the momentum is received by the residual nucleus while
the observed nucleon is a spectator. These contributions, often called exchange terms, can
be included using a straightforward extension of the results presented here, but are negligible
for applications involving energetic nucleons. Two-body currents are more complicated and
will not be considered in the present work.
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C. Electron current
We expect the final-state interactions between the nucleon ejectile and the residual nu-
cleus to dominate over multiple hard scattering of the electron; therefore, we neglect inelastic
contributions to the electron distorted waves and approximate ξβγ ≈ ζβδβγ. Furthermore, the
principal effect of Coulomb distortion of the electron wave functions for high-energy beams
and light targets can be described using the effective momentum approximation (EMA)
[29,30]
ζ ≈ k¯e
ke
exp (ik¯e · r)u(k¯e) (16)
where u(k¯e) is a free Dirac spinor with spin variables and where the local momentum
k¯e = ke + fZ
αZ
RZ
kˆ (17)
is increased relative to the asymptotic wave number ke by the action of the Coulomb potential
[31]. Here fZ = 1.5 corresponds to the electrostatic potential at the center of a uniformly
charged sphere of radius RZ . An improved version of the EMA proposed by Kim and Wright
et al. [32] should allow the present formalism to be applied to heavier targets, but has not
yet been implemented in the coupled-channels code.
Thus, the electron current is approximated by
J eµβγα(q) ≈ J eµeff (qeff)δ(q− qeff)δβγ (18)
where
J eµeff (qeff) =
k¯ik¯f
kikf
u¯(k¯f)γ
µu(k¯i) . (19)
Finally, we assume that the wave packets vary sufficiently slowly with momentum that we
can replace g(q− qeff) by unity; in any case, the shape of the wave packet can be extracted
from the definition of the differential cross section. Therefore, the transition matrix element
reduces in the effective momentum approximation to
Mβα ≈ 4πα
Q2eff
J eeff(−qeff) · J Nβα(qeff) (20)
where Q2eff = q
2
eff − ω2 and where the nuclear current, given by Eq. (13), includes channel
coupling by the nuclear final-state interactions.
D. Coupled equations for nuclear FSI
Suppose that the residual nucleon-nucleus system is described by a hamiltonian of the
form
HA = mN +KNB +HB + VNB (21)
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where KNB is the kinetic energy operator for relative motion, HB is the internal hamiltonian
of the residual nucleus, and VNB is the potential energy for the nucleon-nucleus interaction
and is real. We also include the ejectile mass, mN , but neglect its possible internal excita-
tions. The orthonormal state vectors of the residual nucleus satisfy eigenvalue equations of
the form
HBΦβ = mBβΦβ (22)
where mBβ is the invariant mass of the residual nucleus in channel β. Recognizing that it
is impractical to retain the complete set of eigenstates for the nuclear system, it is useful
to introduce the model-space projection operators P and Q, where P selects the states of
interest (the model space) and Q = 1−P selects the rest (excluded space) such that P 2 = P ,
Q2 = Q, and PQ = QP = 0. One would normally limit the model space to a set of states
that are strongly populated by the direct reaction A(e, e′N)B, here valence states reached
by single-nucleon knockout, plus other states of interest that can be reached by final-state
interactions, here B(N,N ′)B′.
Using standard manipulations (e.g. Ref. [33]), it is straightforward to show that projected
state vectors within the model space satisfy eigenvalue equations of the form
(mAα −Heff)Pψ(+)α = 0 , (23)
where the effective hamiltonian for the model space
Heff = HPP +HPQ(m
+
Aα −HQQ)−1HQP (24)
includes the effects of the excluded space and where m+Aα = mAα + iδ includes a positive
infinitesimal δ to ensure outgoing boundary conditions. We use the customary notation
CHAD = HCD, where C,D ∈ {P,Q}. The effective hamiltonian depends upon the model
space selected and is complex, energy dependent, nonlocal, and far too complicated for
practical applications. Therefore, it is customary to approximate the effective model-space
hamiltonian by
Heff ≈ mN +KNB +HB + U (25)
where U is a complex effective interaction. Although the formalism applies equally well
to nonlocal effective interactions, we will employ local approximations in our applications.
For elastic channels U is identified with the optical potential, whereas for inelastic channels
U becomes a transition potential. Although one often employs phenomenological optical
potentials fitted to elastic scattering data, we prefer to use microscopic potentials for both
elastic and inelastic scattering obtained by folding density-dependent effective interactions
with nuclear transition densities.
Thus, we can expand the model-space wave functions according to
Pψ
(+)
Aγ =
∑
η
χ(+)γη (rNB)Φη (26)
where the Φη are state vectors of the residual nucleus and χ
(+)
γη (rNB) is the coupled-channels
wave function for relative motion containing incoming waves in channel γ and outgoing
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waves in all states within the model space. Separating the dominant distorting potentials
from the smaller coupling terms, we now find that the channel wave functions satisfy coupled
equations of the form
(mAγ −mBη −mNη −KNB − Uη)χγη =
∑
κ
′
Uηκχγκ (27)
where Uηκ are the coupling potentials and where Uη contains the central and spin-orbit
components of the elastic potential for channel η. One could include the complete elastic
potential on the left, but it is computationally more convenient to place the small nonspher-
ical parts of the elastic potential (if any) on the right. The primed summation indicates
that any elastic terms included on the left are excluded from the right.
We have decided for the present applications to express the coupled equations in the form
of relativized Schro¨dinger equations. Although there exists no rigorous justification for this
procedure, it is common in analyses of nucleon-nucleus scattering to employ a prescription
which replaces the center-of-mass kinetic energy and its corresponding operator by
mAγ −mBη −mNη →
k2η
2µη
(28a)
KNB → −∇
2
NB
2µη
(28b)
where kη is the exact relativistic wave number in the NB system and µη is the relativistic
reduced energy for channel η. This procedure gives the correct de Broglie wave length and
reproduces the correct relativistic density of states [34]. The coupled equations are then
expressed in coordinate space as
(∇2 + k2η − 2µηUη)χγη = 2µη
∑
κ
′
Uηκχγκ . (29)
Alternatively, one could describe nucleon-nucleus final-state interactions using the Dirac
equation by means of the replacement
mN +KNB + U → −i~α · ~∇NB + β(mN + S) + V (30)
where S and V are Dirac scalar and vector potentials; additional Dirac potentials may
be present also. However, this approach requires a relativistic treatment of the nuclear
structure and the inelastic scattering potentials, which is generally more difficult than the
relativized Schro¨dinger approach. Although several Dirac coupled-channels calculations for
proton-nucleus scattering have been performed using coupling potentials based upon the
collective model [35,36], we are interested in charge-exchange and single-particle transitions
which require a more microscopic treatment of the coupling potentials. Fortunately, it has
been shown that nucleon-nucleon interactions for the relativistic impulse approximation can
be represented in terms of equivalent density-dependent effective interactions suitable for
use in the relativized Schro¨dinger formalism [37,38]. Furthermore, there exist empirical
effective interactions fitted to nucleon-nucleus elastic and inelastic scattering data over a
wide range of energies. Therefore, we chose to employ the relativized Schro¨dinger approach,
which is computationally simpler than coupled Dirac equations, with scattering potentials
based upon the impulse approximation.
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E. Effective current operator
It is also important to recognize that use of an effective hamiltonian should be accom-
panied by renormalization of the current operator [39]. The requirement that model-space
matrix elements of the effective current operator, Jˆµeff , reproduce those of the bare current
operator, Jˆµ, acting on complete wave functions is expressed by the condition
〈ψAγ|Jˆµ|ψAα〉 = 〈ψAγ|P JˆµeffP |ψAα〉 . (31)
Thus, one obtains the formal expression
Jˆµeff = Jˆ
µ
PP + Jˆ
µ
PQ(E
+ −HQQ)−1HQP +HPQ(E+ + ω −HQQ)−1JˆµQP (32)
+HPQ(E
+ + ω −HQQ)−1Jˆµ(E+ −HQQ)−1HQP ,
where E is the energy of the initial state and E + ω is the energy of the final state. This
expression was obtained first by Boffi et al. [39], who further assumed that JˆµPQ = Jˆ
µ
QP = 0.
An alternative expression for the effective current operator in terms of the Green’s function
for the coupled equations has been given by Rawitscher [26]. However, these expressions are
extremely complicated and have never been evaluated for realistic nuclear models. Hence,
we conform with the universal and usually implicit practice of assuming without proof that
Jˆeff ≈ Jˆ .
Furthermore, in the spirit of the effective momentum approximation, we replace mo-
mentum operators appearing in the nuclear current operator by their asymptotic values.
This approximation is consistent with the level of other approximations implicit in the re-
placement of the effective current with an off-shell current operator based upon the free
single-nucleon current. Moreover, this procedure greatly simplifies the evaluation of the
transition matrix elements, with the electromagnetic vertex function reducing to a matrix
acting upon nucleon spin. Although it would be straightforward to evaluate the momentum
operators completely, the inherent ambiguities in the choice of current operator [8] do not
justify the computational cost.
Finally, note that by reducing the effective current operator to a two-dimensional matrix
acting on nucleon spins, the effective momentum approximation permits the nucleon current
operator to be evaluated in the lab frame even though the distorted wave calculations are
performed in the barycentric frame. Hence, the current matrix elements in Eq. (13) and the
corresponding electromagnetic response tensors are both evaluated in the lab frame.
We used the Γ¯cc1 off-shell vertex function of de Forest [40] with nucleon form factors from
the model 3 of Gari and Kru¨mpelmann [41,42]. Current conservation was enforced at the
one-body level by modifying the longitudinal component of the current, which is equivalent
to evaluating the Feynman matrix element in the Coulomb gauge. However, significant
ambiguities persist in the off-shell behavior of the nucleon electromagnetic vertex operator,
which have been investigated by many authors, e.g. [40,43–46], without a clear resolution.
We studied the consequences of the these ambiguities for recoil polarization in the A(~e, e′ ~N)
reaction under conditions of interest to experiments presently being performed at MAMI
and TJNAF [8]. Nevertheless, we expect that the qualitative changes relative to standard
optical model distortion that are produced by couplings to specific final states will be largely
independent of these ambiguities.
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F. Nuclear current
We now specialize to the case where the initial state contains the ground state of the
target, and denote the nuclear current for excitation of state β as J Nµβ = J Nµβ0 and the corre-
sponding transition matrix element as Mβ =Mβ0. Given that the nuclear electromagnetic
current operator has been approximated by a one-body operator, it is now appropriate to
make a parentage expansion for the ground-state of the target, such that
Pψ0(rNB) =
∑
λν
cλνφλν(rNB)Φλ (33)
where cλν is a parentage coefficient (or pickup amplitude) and φλν(rNB) is an overlap function
which describes the amplitude for removing a nucleon with single-particle quantum numbers
ν at position rNB relative to the core and leaving the residual nucleus in state Φλ. The
overlap function
φλν(r) = Rλν(r)
∑
mℓ,mj
〈
ℓν
1
2
jν
mℓ mj −mℓ mj
〉〈
jν Iλ I0
mj mλ m0
〉
Yℓνmℓ(rˆ)χmj−mℓ (34)
includes a radial function and the usual coupling of spherical harmonics and nucleon spinors
to the spin of the residual nucleus, Iλ, to produce the target spin, I0. The angle brack-
ets denote Clebsch-Gordon coefficients. The parentage coefficient, cλν , requires two indices
whenever I0 6= 0. By extending the procedures outlined in Sec. IID, one could in principle
develop a set of coupled equations governing the overlap functions [47]. However, one ex-
pects φλν(rNB) to resemble a bound-state wave function in the potential generated by the
residual nucleus. Furthermore, analyses of (e, e′p) data produce phenomenological overlap
functions which are consistent in shape with single-particle wave functions based upon mean-
field (Hartree-Fock) calculations. Hence, we employ either Hartree-Fock wave functions or
Woods-Saxon wave functions fitted to (e, e′p) data. More refined calculations in the future
could employ overlap functions projected from correlated wave functions.
Substituting the parentage expansion, the nuclear current now becomes
J Nµβ (qeff) ≈
∑
λν
cλν
∫
d3rNB exp (iqeff · rNA)〈χ(−)βλ (rNB)|Jˆµeff(rNB)|φλν(rNB)〉 . (35)
Finally, using the effective momentum approximation for the nucleon current operator, we
obtain
J Nµβ (qeff) ≈
∑
λν
cλν
∫
d3rNB exp (iqeff · rNA)〈χ(−)βλ (rNB)|Jˆµeff(pm,eff + qeff ,pm,eff)|φλν(rNB)〉
(36)
where pm,eff = pNβ − qeff is the missing momentum determined by the ejectile momen-
tum, pNβ , and the effective momentum transfer, qeff . Thus, the nucleon current operator,
Jˆµeff(pm,eff + qeff ,pm,eff), has been reduced to a matrix that acts upon nucleon spin.
This is the central result of the effective-momentum approximation to the coupled-
channels formalism for FSI in nucleon knockout by electron scattering. A similar elec-
troexcitation amplitude was proposed by Blok and van der Steenhoven [48] based upon
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more qualitative arguments that exploit the similarity between knock-out and pick-up re-
actions. The primary difference between this expression and the standard distorted-wave
approximation (DWA) is that the coupled-channels wave function replaces the usual dis-
torted wave. Thus, we recover the DWA by neglecting the FSI coupling potentials, such
that χβλ → χ(0)βλδβλ. Also note that for single-nucleon knockout from a spinless target, one
generally assumes that the overlap function is well approximated by a unique single-particle
wave function, such that cλν →
√
Sλδλν where Sλ is the spectroscopic factor. However, the
coupled-channels approach is much more general. For example, states for which the single-
nucleon parentage coefficients are vanishingly small can still be populated by final-state
interactions following an intermediate step that involves a state that is strongly excited by
single-nucleon knockout [48,2,26].
III. FINAL-STATE INTERACTIONS
A. Partial-wave potentials
For each pair of channels (with suppressed labels), the scattering operator can be de-
composed into a sum of products
U =
∑
κλ
νκλ(r)Pκλ · Tκλ (37)
in which νκλ(r) contains the dependence upon relative separation and where the multipole
operators Pκλ and Tκλ depend only on the angular momenta and internal variables of the
projectile and target, respectively. The angular momentum transfer is designated λ, whereas
κ is used to distinguish between different operators with the same multipolarity. Partial wave
potentials of the form
UβγJ = 〈lβsβjβIβJM |U |lγsγjγIγJM〉 (38)
then become
UβγJ =
∑
κλ
ΓλJ(jβIβ; jγIγ)νβγκλ (39)
where the recoupling coefficient is
ΓλJ(jβIβ; jγIγ) = (−)jγ+Iβ+J ˆβ Iˆβ
{
jβ jγ λ
Iγ Iβ J
}
(40)
and where
νβγκλ(r) = νκλ(r)〈lβsβjβ ||Pκλ||lγsγjγ〉〈βIβ||Tκλ||γIγ〉 (41)
are the appropriate multipole potentials, including angular and target matrix elements. The
orbital angular momentum lβ is combined with the projectile spin sβ to give jβ = lβ + sβ,
which is then coupled to the target spin Iβ to give the channel spin J = Iβ + jβ. Also note
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that ˆ =
√
2j + 1 for angular momenta. A standard partial wave analysis of the coupled
equations is made and the equations for each channel spin are solved by an iterative technique
based upon that of Raynal [49].
The coupling potentials that would emerge from Eqs. (24-25) depend upon the cho-
sen model space and are complex, nonlocal, energy-dependent, and otherwise intractable
for practical applications. However, when the model space is a very small fraction of the
available phase space, the dependence of the effective hamiltonian upon the selection of
states should be negligible. Furthermore, for energetic nucleons and low-lying nuclear exci-
tations, it is reasonable to approximate the coupling potentials using the impulse approx-
imation based upon a density-dependent nucleon-nucleon interaction that provides good
descriptions of nucleon elastic, inelastic, and charge-exchange scattering to similar states.
Therefore, we constructed both optical and coupling potentials by folding a local density-
dependent nucleon-nucleon interaction with nuclear transition densities that describe the
relevant aspects of the target structure. Details of the implementation of the folding model
may be found in Ref. [50].
It has been shown that the isoscalar spin-independent central, tC00, and isoscalar spin-
orbit, tLS0 , components of the effective interaction depend strongly upon local density [51],
but are essentially independent of target [16]. However, although nuclear matter theory
provides a good qualitative description of these effects, theoretical interactions are not yet
sufficiently accurate [52,15]. Therefore, for energies above 100 MeV we employ the em-
pirical effective interactions fitted to proton elastic and inelastic scattering data that are
tabulated in Ref. [38], performing interpolations with respect to energy when needed. For
lower energies we use the density-dependent Paris-Melbourne effective interaction [53,54].
All components of the effective interaction except tensor exchange were included in the
coupled-channels calculations. The isoscalar components of coupling potentials include the
Cheon rearrangement factor [55,56], which has been shown to be essential to the consistency
between elastic and inelastic scattering in the analysis of the empirical effective interaction
[15]. Rearrangement corrections for isovector interactions are more complicated but less
important [57] and are omitted.
B. Model space
Each state in the model space can be populated by direct single-nucleon knockout or by
final-state interactions following excitation of another member of the model space. All pos-
sible couplings between members of the model space are included. For a model space with
n states there will be n(n + 1)/2 couplings between states, each with several possible mul-
tipolarities depending upon the spins involved. For each multipolarity, there will be several
potentials based upon various components of the nucleon-nucleon effective interaction.
It is useful to distinguish between four types of coupling mechanisms. Coupling poten-
tials which do not change the state of the residual nucleus but which are omitted from the
distorting (optical) potentials are classified as elastic reorientation; reorientations effects are
often dominated by quadrupole potentials, when possible, but also include other allowed
multipolarities. Inelastic excitations change the state of the residual nucleus without chang-
ing its charge; because the residual nucleus often has nonzero spin, several multipolarities
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are usually possible. Analog transitions change the charge of the residual nucleus without
changing its spin, and also include several multipolarities when the spin is greater than zero.
Finally, nonanalog charge-exchange transitions change both the internal state and the charge
of the residual nucleus.
The present formalism is sufficiently general to accommodate sophisticated structure
models in which correlations spread the single-particle strength over many fragments and
modify the radial overlap functions. Such correlations would also affect the OBDME used
to construct coupling potentials between members of the model space. However, because
the computational cost increases rapidly with the size of the model space, it is necessary to
limit the model space to the states of interest and those to which coupling is strongest.
In the present paper we consider coupling between low-lying discrete states with strong
direct knockout amplitudes, for which the most important effects of channel coupling are
likely to be dominated by the strongest fragments. In an earlier paper [2] we had studied
indirect excitation of states with negligible direct knockout amplitudes and demonstrated
that under some conditions multistep processes dominate, thereby improving upon the two-
step calculations of Blok and van der Steenhoven [48]. However, we have also demonstrated
that states of this type are excited too weakly to affect states with strong direct amplitudes
and may be safely omitted from the model space. Furthermore, we assume that the coupling
of low-lying discrete states to continuum states of the residual nucleus is adequately repre-
sented through continuum contributions to the imaginary parts of the optical and coupling
potentials and that continuum states need not be included explicitly in the model space.
Finally, we assume for these exploratory calculations that the independent-particle model
(IPM) provides an adequate representation of single-nucleon knockout summed over related
fragments. Therefore, the calculations were performed using IPM parentage coefficients and
comparisons to experimental data include spectroscopic factors to normalize the strengths
of the observed fragments.
The IPM model space for 12C(e, e′N) consists of the (1s1/2)
−1 and (1p3/2)
−1 proton-hole
states in 11B reached by the (e, e′p) reaction and the analog states in 11C reached by the
(e, e′n) reaction, for a total of 4 states. In addition to these (1s1/2)
−1 and (1p3/2)
−1 hole
states, the IPM model space for 16O(e, e′N) also includes the (1p1/2)
−1 hole states in 15N
and 15O, for a total of 6 states. In the context of the IPM model space, we speak of the
(1s1/2)
−1 hole configuration as a discrete state even though its spreading width is actually
appreciable. The underlying continuum of two-nucleon and multinucleon knockout states
then constitute the excluded space whose effects upon the reaction would, in principle, be
represented through their influence upon the effective hamiltonian and effective current oper-
ators. However, in practice simple approximations to these effective operators are employed
as described above.
The parentage coefficients for pure hole states are given by cβγ =
√
2jγ + 1 where jγ = Iβ
is the spin of the residual nucleus. The OBDME for coupling between pure hole states are
given by
〈β−1||[a†p ⊗ ah]J ||γ−1〉 = ˆpδJ,0δphδβγ + (−)jγ+jβ−J
Jˆ
ˆβ
δpγδhβ (42)
where the initial state is described as a hole in orbital γ and the final state as a hole in
orbital β for an otherwise closed-shell nucleus. We generally assume that the (J = 0, T = 0)
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term is already included in the spherical optical potential, so that only the second term of
Eq. (42) contributes to the coupling potentials.
Overlap functions were represented by Woods-Saxon single-particle wave functions and
fitted to (e, e′p) data where available. Very similar results are obtained using Hartree-
Fock wave functions. Possible modifications of the radial wave functions by short-range
correlations can be incorporated easily.
IV. OBSERVABLES AND RESPONSE FUNCTIONS FOR A(~e, e′ ~N)B
A. Observables
Nucleon knockout reactions of the type A(~e, e′ ~N)B initiated by a longitudinally polarized
electron beam and for which the ejectile polarization is detected may be described by a
doubly differential cross section of the form [58,59]
d5σhs
dεfdΩedΩN
= σ0
1
2
[1 + P · σ + h(A+ P ′ · σ)] (43)
where εi (εf) is the initial (final) electron energy, σ0 is the unpolarized cross section, h
is the electron helicity, s indicates the nucleon spin projection upon σ, P is the induced
polarization, A is the electron analyzing power, and P ′ is the polarization transfer coefficient.
Thus, the net polarization of the recoil nucleon Π has two contributions of the form
Π = P + hP ′ (44)
where | h |≤ 1 is interpreted as the longitudinal beam polarization.
The recoil polarization is usually calculated with respect to a helicity basis in the barycen-
tric frame defined by the basis vectors
Lˆ =
pN
|pN | (45a)
Nˆ =
q ⊗ Lˆ
|q ⊗ Lˆ| (45b)
Sˆ = Nˆ ⊗ Lˆ . (45c)
However, since this basis is not well defined when q and pN are either parallel or antipar-
allel, these cases are conventionally handled by first rotating the reaction plane to φN as it
would be in non-parallel kinematics, and then taking the limit θpq → 0◦ or θpq → 180◦ as
required. Note that since the basis vectors Sˆ and Nˆ reverse directions when φ→ φ+π, the
corresponding components of the recoil polarizations also tend to reverse sign even when
there is no physical asymmetry with respect to φ; this behavior is simply an artifact of the
basis.
Alternatively, since the recoil polarization is measured in the laboratory frame, it is useful
to employ a polarimeter basis in which
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yˆ =
ki ⊗ kf
|ki ⊗ kf | (46a)
xˆ =
yˆ ⊗ pN
|yˆ ⊗ pN | (46b)
zˆ = xˆ⊗ yˆ . (46c)
One advantage of presenting the recoil polarization in the lab or polarimeter basis, is that
the recoil polarization components are continuous as pN moves through q from one side to
the other. Unlike Sˆ and Nˆ , xˆ and yˆ do not reverse directions when φ→ φ+π. For coplanar
quasiperpendicular kinematics with yˆ upwards, it has become conventional to assign positive
missing momentum to ejectile momenta on the large-angle side of q, such that φ = π and
θpq > 0.
The distorted missing momentum distribution ρD(pm,p
′), which is more properly called
the reduced cross section, is obtained by dividing the unpolarized differential cross section
σ0 by the elementary electron-nucleon cross section σeN for initial (final) nucleon momenta
pm (p
′), such that
ρD(pm,p
′) =
σ0
KσeN
(47)
where
σeN =
εf
εi
α2
Q4
ηµνWµνeN (48)
is based upon the PWIA response tensor for off-shell kinematics and does not include the
phase-space factor K. To be consistent, the eN response tensor must be computed from
the same current operator and gauge used to evaluate the nuclear response tensor. The
normalization is determined by the requirement that in the plane-wave approximation the
momentum distribution, ρj(pm), for a fully occupied orbital with total angular momentum
j be normalized to its occupancy, such that
4π
∫
dpm p
2
m ρj(pm) = 2j + 1 (49)
for the independent-particle shell model.
B. Response functions
Additional insight into the reaction mechanism can be obtained by examining response
functions. In the one photon-exchange approximation the observables may be represented
in terms of sums of products between kinematical factors which depend only on electron
scattering kinematics and response functions which represent the dynamical content of the
reaction. The details of the response-function decomposition have been given many times
before and will be omitted here — we employ the definitions and notation of Ref. [2].
However, distortion of the electron wave function perturbs the relationship between the
asymptotic electron-scattering kinematics and the momentum transfer delivered by the hard
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virtual photon, thereby introducing additional dependencies upon azimuthal angle, φ, and
upon electron scattering kinematics. Nevertheless, these effects are small enough for high-
energy electrons and light targets to usefully employ the response function decomposition.
For our purposes it will be instructive and sufficient to display response functions obtained
by neglecting electron distortion.
It is useful to distinguish between Class I response functions that would remain finite in
the absence of final-state interactions and Class II response functions which would vanish if
FSI could be eliminated. Clearly one expects Class II response functions to be more sensitive
to the details of final-state interactions than Class I. Class I includes the unpolarized RL,
RT , RLT , and RTT response functions, R
′N
LT , and both R
′m
LT and R
′m
TT with m ∈ {L, S}. Class
II includes R′LT , R
N
L , R
N
T , R
N
LT , R
N
TT , and both R
m
LT and R
m
TT with m ∈ {L, S}.
C. Kinematics
The invariant mass of the final nuclear system is given byW 2 = m2A+2mAω−Q2. For the
purposes of describing the final-state interactions, it is useful to define T0 to be the ejectile
energy in the rest frame of the residual nucleus, such that W 2 = (mN +mB)
2+2mBT0. The
value quoted for T0 is evaluated for the ground-state of the nucleus reached in the (e, e
′p)
reaction. Solving for T0, we obtain
T0 =
mA
mB
[
ω −Em − Q
2 + E2m
2mA
]
(50)
where Em = mN + mB − mA is the missing energy. Similarly, the missing momentum is
defined by pm = pN − q.
For each missing momentum distribution, we hold W , or equivalently T0, constant so
that FSI can be computed for a unique total energy. To minimize variations in electron
distortion, the beam energy is also fixed. Parallel kinematics are defined by the subsidiary
condition θpq = 0 and pm = pN − q is varied by adjusting both ω and q as required to
maintain both θpq = 0 and constant T0. Quasiperpendicular kinematics maintain constant
(ω,q) and require pm = 0 for the (e, e
′p) ground-state transition when θpq = 0. The missing
momentum is varied by changing θpq and is conventionally defined as positive when the
ejectile emerges on the large-angle side of the momentum transfer vector, such that θp > θq.
Hence, positive pm for quasiperpendicular kinematics corresponds to an angle φ = 180
◦
between the reaction and scattering planes.
V. CHANNEL COUPLING IN 12C(e, e′N)
A. Charge exchange for T0 = 70 MeV
The role of charge exchange in neutron electromagnetic knockout was first investigated
by van der Steenhoven et al. [60] using the Lane model. They predicted that the charge
exchange contribution to (e, e′n) substantially increases the longitudinal response for that
predominantly transverse reaction. For example, their calculations for 12C(e, e′n) in parallel
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kinematics give as much as an order of magnitude enhancement of the neutron missing
momentum distribution. However, Giusti and Pacati [58] found only very small effects
using a similar model. On the other hand, using a continuum RPA model, Jeschonnek et
al. [12] obtained intermediate results which show much larger charge exchange contributions
than Giusti and Pacati that remain considerably smaller than those of van der Steenhoven
et al. Their continuum RPA included coupling between states reached by both p-shell and s-
shell knockout and employed a more complete model of final-state interactions that included
spin-isospin components of the effective interaction.
We performed similar calculations for 12C(e, e′N) using kinematics based upon the
NIKHEF conditions. The electron beam energy was taken to be 461 MeV and all calculations
maintain a constant total energy in the final state that is equivalent to a proton with 70 MeV
kinetic energy incident upon the ground state of 11B at rest. For simplicity we approximate
the ground state using the independent-particle model, such that the model space consists
of the four single-hole states reached by single-nucleon knockout. Coupling between these
states is described by transition potentials obtained by folding the density-dependent Paris-
Melbourne effective interaction for 65 MeV [53,54] with single-particle transition densities
as described above.
Distorted momentum distributions for 1p3/2 and 1s1/2 knockout are shown for quasiper-
pendicular kinematics in Fig. 1 and for parallel kinematics in Fig. 2. These calculations
are normalized to full subshell occupancy. We find that charge exchange within the Lane
model has rather little effect, in qualitative agreement with Giusti and Pacati but in sharp
disagreement with van der Steenhoven et al. Furthermore, the more complete model of
channel coupling suggests very large contributions to 1p3/2 neutron knockout, in qualitative
agreement with Jeschonnek et al., who do employ a more complete representation of the
nucleon-nucleon interaction in the final state. The effects for proton knockout, especially
for 1s1/2, are not entirely negligible either. These findings are independent of details of the
kinematics, choice of optical potentials, or effective interactions, but are characteristic of the
coupling schemes. The Lane model only couples analog states via spin-independent central
potentials, whereas the dominant isospin-changing final-state interaction at these energies
is tστ , which includes both spin and isospin transfer and tends to stimulate Gamow-Teller
(GT) transitions. We also find that coupling to the 1s1/2 hole states is very important to
1p3/2 neutron knockout.
We also investigated the effect of expanding the model space to include 1p1/2 configura-
tions. These states have relatively little effect upon the results shown here whether or not
direct knockout from 1p1/2 orbitals is considered.
In Figs. 3 – 6 we show recoil polarizations for nucleon knockout at T0 = 70 MeV expressed
in the polarimeter basis. The greatest sensitivity to channel coupling is seen in Py, which is
independent of electron helicity and vanishes without FSI. The effects of channel coupling
are much larger for neutron knockout than for proton knockout, and much larger for the full
model than for the Lane model used by Giusti and Pacati [58]. Note that without channel
coupling Py for analog states reached by either neutron or proton knockout would be quite
similar and that the isospin differences produced by the Lane potential are fairly small, but
that the spin-isospin final-state interaction tστ produces large differences between Py for
neutron and proton knockout.
The helicity-dependent polarization components, P ′x and P
′
z, do not require FSI and,
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hence, are less sensitive to channel coupling. We have also shown that these quantities
are relatively insensitive to ambiguities in the single-nucleon current operator and to the
choice of optical model [8]. Thus, it has been proposed that the ratio P ′x/P
′
z is sensitive to
the form factor ratio GE/GM in the nuclear medium. Figs. 3 – 6 suggest that for proton
knockout with modest missing momentum, channel coupling in FSI should not complicate
this analysis either, even for these rather low ejectile energies. [Nevertheless, two-body
currents beyond the scope of the present investigation may play an important role.] However,
for neutron knockout channel coupling does substantially affect the helicity-dependent recoil
polarizations and, at least for this energy regime, would complicate similar attempts to
deduce neutron form factors in the nuclear medium. With a more complete model of the
final-state interactions, we obtain a much larger coupled-channels effect on polarization
transfer for neutron knockout than calculated by Giusti and Pacati using the Lane model.
B. Induced polarization
The first measurements of the induced polarization, PN , for a nucleus with A > 2 were
made byWoo et al. [61] for 12C(e, e′~p) and the data for the 1p3/2 shell were found to be in good
agreement with calculations based upon the distorted-wave impulse approximation (DWIA)
using phenomenological optical potentials fitted to proton scattering data. However, it is
important to test whether channel coupling affects the induced polarization because PN
would vanish without FSI. In Fig. 7 we compare calculations of the induced polarization for
12C(e, e′~p) with the recent data of Woo et al. [61] with T0 = 274 MeV in quasiperpendicular
kinematics. Final-state interactions were based upon the empirical effective interactions
tabulated in Ref. [38], using linear interpolation with respect to energy. We find that channel
coupling has very little effect upon the calculation for 1p3/2 knockout, but is appreciable for
1s1/2 knockout when pm >∼ 200 MeV/c; unfortunately, the data do not extend far enough to
test that effect.
VI. CHANNEL COUPLING IN 16O(~e, e′ ~N)
A. Overlap functions
The overlap functions for p-shell proton knockout from 16O were obtained from the
16O(e, e′p) measurements of Leuschner et al. [62]. The data for parallel kinematics with
T0 = 96 MeV are compared with optical model calculations using the Paris-Melbourne
effective interaction in Fig. 8. Spectroscopic factors of 1.30 for 1p1/2 and 2.48 for 1p3/2
provide good visual fits to the data, but other choices of optical potential which also provide
good descriptions of proton elastic scattering can give spectroscopic factors which differ by
10% or more [62,2]. Coupled-channels calculations are shown also, but deviations of a few
percent are hardly visible on this scale. For the s-shell we used the parametrization of Elton
and Swift [63]. For 15O we used the same potential shapes and adjusted the central well
depths to reproduce the separation energies for each state.
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B. Channel coupling in 16O(e, e′N) at T0 = 200 MeV
We begin by considering the kinematics of MAMI experiment A1/2-93 [24], which will
measure the 16O(~e, e′~p) reaction using quasiperpendicular kinematics with E0 = 855 MeV,
ω = 215 MeV, q = 648 MeV/c such that the ejectile energy is approximately 200 MeV.
Measurements of all three components of the recoil polarization will be made with polarized
beam on both sides of q in order to separate the even from the odd response functions.
Thus, if statistics permit, it should be possible to separate RLT , R
N
LT , R
′L
LT , R
′L
TT , R
′S
LT , and
R′STT for several opening angles θpq. For completeness, we have also performed calculations
for parallel kinematics using constant T0 = 200 MeV.
Similar calculations for T0 = 135 MeV were shown in Ref. [2]. Although the results are
similar, the details depend upon ejectile energy. Furthermore, the calculations of Ref. [2]
did not include 1s1/2 states in the model space, which we have since found to be important.
1. Distorted momentum distributions
The reduced cross sections are shown in Fig. 9 for quasiperpendicular kinematics and
in Fig. 10 for parallel kinematics. In addition, large missing momenta for quasiperpendic-
ular kinematics with θp > θq are shown in Fig. 11. These calculations are normalized to
full subshell occupancy. The effect of channel coupling upon the reduced cross section for
proton knockout appears to be quite small for pm <∼ 300 MeV/c, but can become appre-
ciable for large pm. At this energy channel coupling enhances the calculated cross section
for p-shell proton knockout by factors of approximately 1.5 – 2 for pm ∼ 500 MeV/c and
significantly alters the shape of the missing momentum distribution for 1s1/2 proton knock-
out. Similar calculations for T0 = 135 MeV [2] show larger factors, especially for the 1p1/2
state, but details of these effects depend upon ejectile energy. Substantially larger enhance-
ments of the cross section for pm > 300 MeV/c were predicted for the rotational band
in 10B(e, e′p)9Be, with both reorientation and inelastic scattering being equally important
[22], because the quadrupole coupling is larger for that strongly deformed system. Hence,
we conclude that the relative importance of various final-state interaction mechanisms de-
pends upon nuclear structure in an essential manner. Furthermore, such effects will need
to be examined carefully before any conclusions about high momentum components due to
short-range correlations are drawn from proton knockout data.
For 16O(e, e′n)15O, channel coupling is significant even for pm near the peaks of the mo-
mentum distributions. The most important couplings are those which change both the spin
and the isospin of the residual nucleus. Although the effect on the cross section for quasiper-
pendicular kinematics is relatively small, changes in the left-right asymmetries for p-shell
neutron knockout reflect substantial changes in the RLT response functions that arise pri-
marily from charge-exchange in FSI. Similarly, the modest enhancements of the cross section
for neutron knockout in parallel kinematics originate in charge-exchange contributions to the
longitudinal form factor. We also find that the missing momentum distributions for s-shell
neutron knockout are broadened in quasiperpendicular and shifted in parallel kinematics
by charge exchange. For pm > 300 MeV/c channel coupling enhances the cross section for
neutron knockout by large factors relative to the conventional optical-model calculation.
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For pm ∼ 500 MeV/c and T0 = 200 MeV, these factors approach an order of magnitude for
p-shell neutron knockout with both charge exchange and inelastic scattering playing impor-
tant roles. The effect of charge exchange upon neutron knockout was much larger at 70 MeV
than it is at 200 MeV. Thus, we conclude that the importance of channel coupling decreases
fairly rapidly as the ejectile energy increases, but for neutron knockout remains significant
at 200 MeV.
2. Recoil polarization
Recoil-polarization observables expressed in the polarimeter basis are shown in Fig. 12
– 13 for quasiperpendicular kinematics and in Fig. 14 – 15 for parallel kinematics. For
pm <∼ 300 MeV/c we find that channel coupling has practically no effect upon the polarization
transfer for proton knockout. The effects of channel coupling upon the polarization transfer
for neutron knockout are much smaller than at T0 = 70 MeV, but remain nonnegligible.
Larger effects are obtained for pm >∼ 300 MeV/c, but these variations remain comparable to
those arising from ambiguities in the off-shell current operator explored in Ref. [8].
The induced polarization, Py, is found to be more sensitive to channel coupling within
final-state interactions. Small but nonnegligible sensitivity to channel coupling in quasiper-
pendicular kinematics is exhibited by proton knockout, particularly for the s-shell, whereas
for neutron knockout channel coupling remains quite important even for modest missing mo-
menta. The induced polarization for parallel kinematics is quite small for proton knockout,
but for neutron knockout is substantially enhanced by channel coupling. We also find that
channel coupling is generally more important than variations due to the choice of optical
potential. Furthermore, although these effects decrease as T0 increases from 135 to 200 MeV,
the energy dependence is fairly slow.
It is interesting to note that Py for s-shell knockout in parallel kinematics vanishes
without channel coupling in the final state, but that a small polarization results from the
spin dependence of channel coupling. The presence of an underlying continuum would make
it difficult to observe this effect for 1s1/2 knockout, but it should be possible to observe this
polarization for isolated s-shell knockout, such as 2s1/2 knockout from
40Ca, given sufficient
resolution.
3. Response functions
Response functions for parallel kinematics are shown in Fig. 16 for 16O(~e, e′~p)15N and in
Fig. 17 for 16O(~e, e′~n)15O. These calculations are normalized to full subshell occupancy. For
proton knockout the largest effects are seen in RNLT , which vanishes without FSI and for the
s-shell vanishes without channel coupling; hence, RNLT , which corresponds to PN for parallel
kinematics, tends to be most sensitive to details of the final-state interactions. For neutron
knockout we find that charge exchange in the final state strongly enhances both RL and
RNLT and also has significant effects upon R
′S
LT , whereas the effects upon purely transverse
response functions are much smaller.
Selected response functions for coplanar quasiperpendicular kinematics are shown in
Fig. 18 for 16O(~e, e′~p)15N and in Fig. 19 for 16O(~e, e′~n)15O. We chose to show those re-
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sponse functions which potentially can be deduced from cross section and recoil polarization
measurements on both sides of the momentum transfer vector for fixed electron scattering
kinematics because it is anticipated that MAMI experiment A1/2-93 [24] will provide data
of this type. The effects of channel coupling upon most strong Class I response functions
for proton knockout are relatively small, but at this energy remain appreciable for RLT
and RTT . For p-shell proton knockout opposite effects upon RLT are predicted for the two
spin-orbit partners. There can also be significant effects upon some of the polarized Class I
response functions for proton knockout, such as R′STT for the 1p3/2 and 1s1/2 states. There-
fore, the interpretation of response functions expected from MAMI experiment A1/2-93 [24]
will need to consider channel coupling in the final state. The effects upon many of the Class
II response functions, such as RNLT , can be quite large even for proton knockout, especially
for the 1s1/2 state. Note that without channel coupling, R
m
LT and R
m
TT with m ∈ {L, S}
would vanish for s-shell knockout, but those response functions become appreciable when
spin-dependent channel coupling is present in the final state. Although not shown, strong
modifications of RSLT , R
L
LT , and R
L
TT are predicted for p-shell proton knockout also.
Most Class II response functions for neutron knockout are very strongly affected by
channel coupling, with the most important channel couplings involving both isospin and
angular momentum transfer. Although not shown in these figures, the Lane model produces
much smaller effects because it lacks important spin-dependent and noncentral interactions.
Unlike proton knockout, many of the Class I response functions for neutron knockout also
exhibit substantial sensitivity to channel coupling, especially the L- and LT-type response
functions. Stronger effects were obtained in calculations for T0 = 135 MeV where it was
proposed to investigate the role of isobar currents in RLT for (e, e
′n). Although the relative
importance of channel coupling decreases as the ejectile energy increases, these effects remain
important at T0 = 200 MeV. Therefore, it appears that it will be difficult to separate the
effects of two-body currents from those of FSI using neutron knockout at these energies.
Perhaps higher ejectile energies will prove to be more favorable, but calculations including
two-body currents are not available for larger Q2.
C. Channel coupling in 16O(~e, e′ ~N) at T0 = 433 MeV
The first experiment to measure recoil polarization for polarized electron scattering from
a target with A > 2 was performed recently at Jefferson Laboratory [25] and the data are
presently being analyzed. The experiment used 16O(~e, e′~p) in quasiperpendicular kinematics
with E0 = 2.445 GeV, ω = 0.445 GeV, and q = 1.0 GeV/c. Calculations for this reaction
at T0 = 433 MeV show that the effects of channel coupling on recoil polarization continue
to decline as the ejectile energy increases; these effects are similar to but smaller than those
shown for 200 MeV. Thus, it should be feasible to investigate possible medium modifications
of the nucleon electromagnetic form factors for large Q2 using quasifree recoil polarization.
A more quantitative assessment of the sensitivity of recoil polarization to various aspects
of the model, including final-state interactions, can be made in terms of the polarization
ratio
rxz = P
′
x/P
′
z (51)
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which for a free nucleon at rest is proportional to GE/GM . We can then compare rxz for a
particular model either to a plane-wave calculation or to a baseline optical-model calculation.
In Figs. 20 and 21 we compare model calculations of the polarization ratio to their
plane-wave limits for parallel and quasiperpendicular kinematics, respectively. FSI effects
vary relatively slowly with missing momentum for pm <∼ 250 MeV/c, but the models quickly
diverge from each other thereafter. Sensitivity to channel coupling in the final state is
indicated by differences between dashed and solid curves, which are both based upon the
EEI model but with the latter including channel coupling. Sensitivity to the choice of
optical potential is indicated by the dashed and dash-dotted curves based upon the EEI and
EDAD1 models, respectively. The EDAD1 potential is a global optical model fitted using
Dirac phenomenology by Cooper et al. [65] to proton elastic scattering data covering a wide
range of energy and target mass, and represents a distinctly different approach than the EEI
model. Also note that the IA2 interaction [38] gives results (not shown) that are practically
indistinguishable from EEI over this range of pm.
Figure 20 show that final-state interactions have relatively little effect upon P ′x/P
′
z for
p-shell knockout in parallel kinematics except in the immediate vicinity of the node in the
momentum distribution where the cross section becomes very small anyway. Not surpris-
ingly, FSI corrections and model dependence are minimized near the peaks of the missing
momentum distributions for each shell. Optical model distortion for spin-orbit partners are
opposite in direction and tend to balance for closed shells. Although s-shell knockout is
insensitive to differences between optical models, the effects of channel coupling are some-
what larger than for the p-shell. Nevertheless, these effects are minimal for pm = 0 and
nearly antisymmetric with respect to the sign of pm for parallel kinematics. Therefore, it
appears that when Q2 >∼ 0.5 (GeV/c)2 uncertainties in rxz due to final-state interactions
are only at the few percent level near the peaks of the missing momentum distributions for
single-nucleon knockout in parallel kinematics.
Recoil polarization ratios appear to be more sensitive for quasiperpendicular than for
parallel kinematics to variations of the FSI model. The EDAD1 optical potential generally
produces larger distortion corrections to these ratios than do either the EEI or IA2 potentials.
The small differences between dashed and solid curves in Fig. 21 show that channel coupling
has very little effect upon proton knockout from the p-shell for modest opening angles, but
the effects upon p-shell neutron knockout are substantially larger, especially on the beam
side of the momentum transfer. FSI corrections to rxz for s-shell knockout are relatively
small for θpq <∼ 5◦ where the cross section is fairly large, but become quite substantial for
larger angles with small cross sections. [Note that when pm ≈ 0 at θpq = 0◦ for 1p1/2
in quasiperpendicular kinematics with T0 = 433 MeV, then pm ≈ 38 MeV/c for 1s1/2
is signficantly larger.] Fortunately, FSI corrections are approximately antisymmetric with
respect to q in quasiperpendicular kinematics, such that a symmetric acceptance would
tend to reduce the net FSI effect and variations with respect to model. Furthermore, in
parallel kinematics the FSI effects for spin-orbit partners also tend to compensate. Thus, the
recoil-polarization ratio for inclusive quasifree knockout from a closed-shell nucleus centered
upon pm = 0 is expected to be approximated well by a plane-wave calculation and small
residual FSI corrections to not depend strongly upon model. Therefore, it appears that recoil
polarization provides a nearly ideal probe of modifications of the electromagnetic current in
nuclei for which uncertainties due to final-state interactions are relatively small.
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Perhaps the simplest modification of the single-nucleon current would be a variation of
nucleon electromagnetic form factors with density. Using the quark-meson coupling model,
Thomas et al. [7] predict that for p-shell proton knockout from 16O this ratio will be sup-
pressed by about 10% relative to the free nucleon at Q2 = 0.8 (GeV/c)2. Similarly, Lu et
al. [66] predict a 12% suppression of GEn in
3He at Q2 = 0.5 (GeV/c)2. The present results
suggest that final-state interactions will not obscure these medium modifications of nucleon
form factors. This effect is predicted to increase with Q2 and also becomes sensitive at large
Q2 to possible variation of the bag constant. An upcoming experiment [67] measuring recoil
polarization for proton knockout from 4He for several Q2 between 0.8 and 4.0 (GeV/c)2
should be sensitive to such variations of the bag model. However, two-body currents such as
intermediate isobar excitation, relativistic distortion of nucleon spinors, or off-shell form fac-
tors may also affect the recoil polarization ratio at the several percent level. Thus, because
two-body currents are expected to affect neutron and proton knockout somewhat differently,
it becomes important to perform measurements for both to distinguish between two-body
contributions and modifications of the one-body current.
VII. SUMMARY AND CONCLUSIONS
We have developed a model of final-state interactions for (~e, e′ ~N) reactions in which
coupling between single-nucleon knockout channels is mediated by potentials obtained by
folding density-dependent nucleon-nucleon effective interactions with nuclear transition den-
sities using the local density approximation. Coupling to more complicated configurations is
represented by optical potentials based upon the same effective interactions. All couplings
within the model space and all components of the nucleon-nucleon interaction except tensor
exchange are included. Hence, the model employs a more realistic description of final state
interactions and can be employed for higher energies than earlier models. Although the
present applications use a one-body current operator and uncorrelated wave functions, the
model can be extended to include two-body currents and ground-state correlations.
To compare our model of charge exchange FSI with earlier approaches, we analyzed the
12C(~e, e′ ~N) reaction at T0 = 70 MeV using a simple 4-state coupling scheme based upon
pure 1p3/2 and 1s1/2 hole states. Although van der Steenhoven et al. [60] predicted strong
charge-exchange contributions to (e, e′n) under these conditions using the Lane model, we
obtain rather small effects for this model, in agreement with Giusti and Pacati [58]. However,
strong charge-exchange contributions to the (e, e′n) cross section are obtained when the tστ
final-state interaction is included. Similar findings were also obtained by Jeschonnek et al.
[12]. We also find that recoil polarization for (~e, e′~n) is quite sensitive to channel coupling,
including the helicity-dependent components, while (~e, e′~p) remains rather insensitive to
these complications even for these relatively low ejectile energies.
We studied the 16O(~e, e′ ~N) reactions at T0 = 200 and 433 MeV, kinematics appropriate
to experiments at MAMI and TJNAF, using a 6-state coupling scheme based upon the
independent particle model. We find that channel coupling has very little effect upon the
proton knockout cross section for missing momenta pm < 300 MeV/c, and that the charge-
exchange contribution to neutron knockout decreases as the ejectile energy increases, but
that channel coupling remains important for neutron knockout at T0 = 200 MeV. For larger
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pm channel coupling has important effects upon the cross sections for both proton and
neutron knockout even when T0 = 433 MeV and these effects depend strongly upon both
nuclear structure and kinematics.
Most of the response functions for proton knockout that would remain finite in the
absence of FSI appear to be relatively insensitive to channel coupling, but response functions
for neutron knockout, especially those which vanish without FSI, are considerably more
sensitive to channel coupling. Charge exchange mediated by the tστ interaction is the most
important coupling mechanism for 16O(~e, e′ ~N), but quadrupole inelastic scattering can be
important also for deformed targets.
The polarization transfer observables, P ′S and P
′
L, for proton knockout with modest
missing momentum appear to be quite insensitive to details of the final-state interaction,
including channel coupling. Although the corresponding quantities for neutron knockout are
affected at low energies by channel coupling, these effects decrease with energy and become
relatively small for T0 = 433 MeV. FSI model dependence is minimized for parallel kinemat-
ics near peaks of the missing momentum distributions for each shell or for inclusive quasifree
knockout with momentum acceptance that is symmetric about pm = 0. Furthermore, these
quantities appear to be insensitive to ambiguities in gauge or off-shell properties of the one-
body electromagnetic current operator. Hence, recoil polarization provides an ideal means
for investigating the electromagnetic current in the nuclear medium. To the extent that the
one-body current is dominant, the simple relationship between P ′S/P
′
L and GE/GM provides
a means for studying possible density dependence of nucleon electromagnetic form factors.
However, the role of two-body currents at high Q2 has not yet been investigated and may be
important also. Therefore, it is important to measure separated response functions which
will provide differing sensitivities to these two mechanisms.
The present formalism would permit many technical improvements to be implemented
in a relatively straightforward manner, including correlated wave functions, expanded model
spaces, improved electron distortion and initial-state coupling, and nonlocal final-state in-
teractions. Extension to relativistic FSI models is also possible. However, perhaps the most
interesting extensions involve the effective current operator. In addition to conventional
two-body currents, the quark-meson coupling model suggests that nucleon electromagnetic
form factors are density dependent. The implications of density-dependent form factors
can be investigated by applying the local density approximation to the one-body current
operator. The present results suggest that these effects, and those of two-body currents,
can be studied with relatively little uncertainty due to final-state interactions using recoil
polarization for energetic ejectiles.
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FIG. 1. Distorted momentum distributions for 12C(e, e′N) in quasiperpendicular kinematics
with T0 = 70 MeV. Dashed curves show the optical model (OM), dash-dotted curves the Lane
model, and solid curves the full coupled-channels calculation (CC). These calculations are normal-
ized to full subshell occupancy.
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FIG. 2. Distorted momentum distributions for 12C(e, e′N) in parallel kinematics with T0 = 70
MeV. See Fig. 1 for legend.
30
FIG. 3. Polarization of the recoil nucleon for 1p3/2 knockout in the
12C(~e, e′ ~N) reaction using
quasiperpendicular kinematics with T0 = 70 MeV. Proton (neutron) knockout is shown in the left
(right) column. See Fig. 1 for legend.
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FIG. 4. Polarization of the recoil nucleon for 1s1/2 knockout in the
12C(~e, e′ ~N) reaction using
quasiperpendicular kinematics with T0 = 70 MeV. See Fig. 3 for legend.
32
FIG. 5. Polarization of the recoil nucleon for 1p3/2 knockout in the
12C(~e, e′ ~N) reaction using
parallel kinematics with T0 = 70 MeV. See Fig. 3 for legend.
33
FIG. 6. Polarization of the recoil nucleon for 1s1/2 knockout in the
12C(~e, e′ ~N) reaction using
parallel kinematics with T0 = 70 MeV. See Fig. 3 for legend.
34
FIG. 7. Induced polarization of the recoil proton in the 12C(e, e′~p) reaction are compared with
the data of Woo et al. [61]. The data for the s-shell are restricted to 28 < Em < 39 MeV to limit
the contribution of the underlying continuum. Dashed curves show the optical model (OM) and
solid curves show the full coupled-channels calculation (CC).
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FIG. 8. Distorted momentum distributions for 16O(e, e′p) in parallel kinematics with T0 = 96
MeV. Spectroscopic factors of 1.30 for 1p1/2 and 2.48 for 1p3/2 are used to fit the calculations to the
data of Leuschner et al. [62] for the dominant p-shell fragments. Dashed curves show the optical
model (OM) and solid curves show the full coupled-channels calculation (CC).
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FIG. 9. Distorted momentum distributions for 16O(e, e′N) in quasiperpendicular kinematics
with T0 = 200 MeV. Proton (neutron) knockout is shown on the left (right) side. These calculations
are normalized to full subshell occupancy. See Fig. 8 for legend.
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FIG. 10. Distorted momentum distributions for 16O(e, e′N) in parallel kinematics with
T0 = 200 MeV. See Fig. 9 for legend.
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FIG. 11. Distorted momentum distributions for 16O(e, e′N) in quasiperpendicular kinematics
with T0 = 200 MeV, selecting large missing momenta for θp > θq. See Fig. 9 for legend.
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FIG. 12. Polarization of the recoil proton in the 16O(~e, e′~p)15N reaction using quasiperpen-
dicular kinematics with T0 = 200 MeV. The three columns show calculations for 1p1/2, 1p3/2,
and 1s1/2 knockout. Dashed curves show the optical model (OM) and solid curves show the full
coupled-channels calculation (CC).
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FIG. 13. Polarization of the recoil neutron in the 16O(~e, e′~n)15O reaction using quasiperpen-
dicular kinematics with T0 = 200 MeV. See Fig. 12 for legend.
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FIG. 14. Polarization of the recoil proton in the 16O(~e, e′~p)15N reaction using parallel kinemat-
ics with T0 = 200 MeV. See Fig. 12 for legend.
42
FIG. 15. Polarization of the recoil neutron in the 16O(~e, e′~n)15O reaction using parallel kine-
matics with T0 = 200 MeV. See Fig. 12 for legend.
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FIG. 16. Response functions for the 16O(~e, e′~p)15N reaction using parallel kinematics with
T0 = 200 MeV. These calculations are normalized to full subshell occupancy. See Fig. 12 for
legend.
44
FIG. 17. Response functions for the 16O(~e, e′~n)15O reaction using parallel kinematics with
T0 = 200 MeV. See Fig. 16 for legend.
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FIG. 18. Selected response functions for the 16O(~e, e′~p)15N reaction using coplanar quasiper-
pendicular kinematics with T0 = 200 MeV. See Fig. 16 for legend.
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FIG. 19. Selected response functions for the 16O(~e, e′~n)15O reaction using coplanar quasiper-
pendicular kinematics with T0 = 200 MeV. See Fig. 16 for legend.
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FIG. 20. The sensitivity of recoil polarization in parallel kinematics to FSI is illustrated by
comparing rxz = P
′
x/P
′
z to plane-wave (PW) calculations for the
16O(~e, e′ ~N) reaction at T0 = 433
MeV. The left (right) column shows proton (neutron) knockout and the three rows show calculations
for (1p1/2)
−1, (1p3/2)
−1, and (1s1/2)
−1 final states. Dashed and dash-dotted curves represent EEI
and EDAD1 optical-model calculations, while solid curves include channel coupling for EEI.
48
FIG. 21. The sensitivity of recoil polarization in quasiperpendicular kinematics to FSI is illus-
trated by comparing rxz = P
′
x/P
′
z to plane-wave (PW) calculations for the
16O(~e, e′ ~N) reaction at
T0 = 433 MeV. See Fig. 20 for legend.
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